Abstract: In a wireless energy harvesting network with an energy-constrained decode and forward relay node, the authors propose a hybrid protocol (HP) which is a combination of power splitting relaying (PSR) and time switching relaying (TSR). The authors derive the analytical outage probability expressions of the HP over log-normal fading channel. The numerical results show that the HP scheme significantly outperforms the PSR and TSR schemes in terms of outage probability performance.
Introduction
Wireless energy harvesting (EH) network is able to harvest energy from ambient radio frequency (RF) for self-operation, so this type of the network has the infinite lifetime in theory. In recent years, it has attracted more and more attention in the literature and rapidly becomes a hot topic. As demonstrated in the reference [1] , most previous papers studied the performance of three nodes cooperative communication networks with an energy-constrained relay node, in terms of outage probability, ergodic capacity, and the sum rate [1] [2] [3] . Different from the power splitting relaying (PSR) and time switching relaying (TSR) proposed in [1] , Atapattu and Evans [3] established a hybrid protocol (HP) and simulation results showed the performance of the HP is superior to PSR and TSR. However, the above works focus on system performance over Rayleigh fading channel which is valid for outdoor wireless channel. For indoor environment, the log-normal fading is an appropriate model [4, 5] . In [4, 5] , the authors studied the outage probability of the system adopted PSR and TSR over log-normal fading channel. The performance of the system adopted HP over log-normal fading channel is not studied in the literature, and this motivates our work.
System model
As illustrated by Fig. 1a , source node (S) sends information to destination node (D) via a relay node (R). There is no direct link between S and D. R has no energy reserve and has to harvest energy from the wireless signal transmitted by S for forwarding the signal to D. The channel coefficients from S to R and R to D are denoted by h 1 and h 2 , with the corresponding distances denoted by d 1 and d 2 , respectively, and h As shown in Fig. 1b , the whole transmission block time, denoted by T, is divided into three time slots denoted by aT, (1 − a)/2T , and (1 − a)/2T , respectively, and 0 ≤ a ≤ 1 is the time switching factor. In aT time duration, R only harvests energy from the signal transmitted by S. In the first (1 − a)/2T , R splits the received power P into two portions, rP for EH and the remaining portion (1 − r)P for receiving information, where 0 ≤ r ≤ 1 is the power splitting factor. In the second (1 − a)/2T , R uses all harvested energy to forward the signal to D. It is reasonably assumed that the power for processing signal is negligible compared to the power used for signal transmission at R [1] . It is further assumed that the channel state information (CSI) is known at R and D [4] .
Analysis of outage probability
The received signal at R in the first time slot can be expressed as
where P s is the transmitting power of S, and m the path loss exponent. s(t) is the signal transmitted by S and has unit power. n a t ( ) denotes the additive white Gaussian noise (AWGN) introduced by the receiving antenna, which has zero-mean and the variance s 2 a . Based on formula (1), the harvested energy in the first time slot can be expressed as
where h [ 0, 1 ( ) is the energy conversion efficiency which depends on the rectification process and the EH circuitry.
In the first (1 − a)/2T time duration, the received signal for EH is given by
Also, the signal for information processing is given by
where n c (t) is the AWGN due to RF band to baseband signal conversion and has zero-mean and the variance s c . Using (3), the harvested energy in the first (1 − a)/2T time duration is given by After some mathematical manipulations, the transmitted power at R in the second (1 − a)/2T time duration can be written by
The received signal at D in the second (1 − a)/2T time duration is written by
where s ′ (t) is the decoded version of the source signal. Combining the formulas from (4) to (7), we obtain the signal-to-noise ratios (SNRs) at R and D, which are, respectively, given by (8) and (9)
where s In decode and forward (DF) relaying system, outage probability is defined as the probability that the minimum value of instantaneous channel capacities at R and D falls below the preset threshold value, which is expressed as follows:
where C r (g r ) and C r (g d ) are the instantaneous channel capacity at R and D, respectively, and C th is the preset threshold value. Based on the probability theory, (10) can be written as
The first probability in (11) can be derived as
where j = 10/ ln (10) and Q(·) is the Gaussian Q-function. The second probability in (11) can be derived as
where 
Combining (12)- (16), the outage probability of the proposed HP system is given by (see (17))
From the deriving process of the outage probability, defined by (17), it is noticeable that the outage probability is simultaneously affected by the time switching factor a and power splitting factor r, but it seems intractable to get the analytical expression for optimal a and r that result in the minimum outage probability.
We can obtain optimal a and r using software tools as depicted in [4] .
Numerical results
The system parameters are set as follows:
We use MATLAB to get the simulation results as follows.
Fixed r = 0.5 and C th = 0.5 bps/Hz, Fig. 2 demonstrates the analytical and simulated results of the outage probability with respect to a, and the analytical results are derived from (17). The analytical results perfectly match with the simulation results. This justifies our theoretical analysis. Noting that r = 0.5, R can harvest energy from S even though a = 0, and the outage probability is ≅0.1. In this case, the HP scheme is equivalent to the PSR scheme. The outage probability increases with increasing a, because the time used to transmitting information to D decreases. S cannot send any information to D when a is >0.85, and the system is completely in outage in the case. 
Since the HP can simultaneously adjust a and r to minimise the outage probability, the optimised outage probability performance is expected to be better than the TSR and PSR schemes. This is justified in Fig. 3 . As shown in Fig. 3 , the optimised outage probability performance of the proposed HP scheme significantly outperforms the other two schemes with increasing the threshold value. In Fig. 3 , the simulation results of the TSR and PSR schemes are obtained by (19) and (36) in the reference [4] , respectively.
Conclusion
In the paper, we propose an HP scheme and derive the analytical expressions of the outage probability in a dual-hop wireless EH network. Simulation results show that the outage probability performance of proposed HP scheme is significantly better than the existing TSR and PSR schemes.
